Background Selecting nonviral carriers for in vivo gene delivery is often dependent on determining the optimal carriers from transfection assays in vitro. The rationale behind this in vitro strategy is to cast a net sufficiently wide to identify the few effective carriers of plasmids for in vivo studies. Nevertheless, many effective in vivo carriers may be overlooked by this strategy because of the marked differences between in vitro and in vivo assays.
Introduction
With recent advances of genomic information for the root causes of disease, there has been increased interest in nucleic acid therapeutics, including small interfering (si)RNA and gene therapy. Nucleic acid therapeutics require the delivery of highly negatively-charged nucleic acids from relatively low molecular weight siRNA to hundreds of times larger molecular weight plasmids. Although several groups including ours [1] [2] [3] have shown efficient nonviral delivery to tumor xenografts with siRNA, efforts with nonviral delivery of plasmids to tumor xenografts have been thwarted by inefficient delivery. If there was an efficient delivery system for plasmids, this delivery system might represent a transformation for treating tumors and be an important step toward successful 'gene' therapy in the clinic.
Our laboratory has focused primarily on developing histidine and lysine peptide carriers with varied complexity to deliver plasmids in vitro and in vivo. Positively-charged lysines bind and protect DNA, partially neutralizing its charge [4] , whereas histidines bind DNA, buffer endosomal pH and thus presumably aid in release of nucleic acids from endosomes. The development of linear and branched HK peptides by using solid phase synthesis has allowed the systematic modification of amino acid sequences and branching, providing ideal conditions for structurefunction studies (Figure 1 ). Using in vitro assays, we found that linear peptides were ineffective compared to higher branch peptides as carriers of plasmids. Indeed, the four branch peptide, H2K4b, resulted in a transfection efficiency of malignant cells almost 6 logs greater than that of the linear peptide, H2K. Although the combination of liposomes and linear H2K synergistically increased transfection in primary nontransformed cells, the linear H2K by itself was still a poor carrier in these cells [4] . These findings with HK peptides were dissimilar to those performed with linear poly(ethylene imine), which gave high transfection results in vitro and compared favorably to branch poly(ethylene imine) [5, 6] . Because of the results from the in vitro transfection assays, we selected the branched peptide to deliver the nucleic acids in vivo. Our approach for selection of an effective carrier in vivo is similar to that of most other researchers in the nucleic acid delivery field: selecting an effective in vitro carrier for the in vivo studies. Moreover, the carriers [7] [8] [9] that show promise are often modified with polyethylene glycol and tumor-targeting ligands for studies in vivo.
Although many effective carriers for studies in vivo have been identified based on results obtained in vitro, the development of nonviral carriers for clinical studies has still been painstakingly slow. One reason for the delay in the discovering promising gene delivery carriers may be the lack of in vitro assays that reflect results obtained in vivo. Although the discrepancy between in vitro and in vivo assays has been widely recognized, the exclusion of carriers based on their lack of efficacy in vitro may result in not testing viable and effective carriers in vivo. This was the case with the linear H2K until recently. Very few nonviral studies have considered this potential problem [10] and, to our knowledge, this has not been investigated for polyplexes.
In the present study, we compared the branch H2K4b carrier with what was considered to be the negative control H2K carrier for systemic delivery of luciferase plasmids to tumor xenografts in vivo. Surprisingly, transfection efficiency of tumor xenografts with the linear peptide, H2K, was significantly greater than with the branched H2K4b peptide. With biophysical methods including gel retardation and isothermal calorimetry, we then examined the properties and mechanisms of H2K polyplexes, particularly those with a reduced N/P ratio and negative surface charge, that enhance transfection in vivo.
Materials and methods

Animals
Female athymic mice (4 À 8 weeks old, body weight; 20 g) were purchased from NCI Frederick (Frederick, MD, USA). All experiments were performed in accordance with regulations by the Institutional Animal Care and Use Committee of the University of Maryland School of Medicine.
Cell lines
Three malignant breast cancer cell lines [MDA-MB-435, MDA-MB-231 and 4 T1 (murine)], a glioma (C6), a glioblastoma (N2A) and lung cell lines (H460) were cultured and maintained in Dulbecco's minimal essential medium (DMEM) containing 10% fetal calf serum (FCS) and 20 mM glutamine.
Plasmids
The pCpG-Luc plasmid was made by ligating the luciferase gene (digested from pMOD-Luc plasmid; InvivoGen, San Diego, CA, USA) into the multiple cloning site of pCpG-mcs (InvivoGen) [7] . pCpG-tdTomato was made by ligating the tdTomato transgene with BglII and NheI sites (GeneScript, Piscataway, NJ, USA) into the multiple cloning site of the pCpG vector.
The plasmids were prepared for systemic injection as described previously, with a few modifications [11] . GT115 bacteria (InvivoGen) containing the plasmids were grown in Superbroth to mid-log phase. The plasmids were then purified with an EndoFree Maxi kit (Qiagen, Valencia, CA, USA). An analytical gel of each plasmid (cut and uncut) was examined to confirm that there was no contamination with other nucleic acids.
Peptides
The linear H2K and branch H2K4b peptides, with predominant repeating groups, -HHK-, were synthesized on a Rainin Voyager synthesizer (PTI, Tucson, AZ, USA) by the biopolymer core facility at the University of Maryland, as described previously [12] . Each of four terminal branches of H2K4b emanates from the three-lysine core. The linear H2K and the branch sequences of H2K4b have the sequence: KHKHHKHHKHHKHHKHHKHK. The H2K and H2K4b peptides were first analyzed by high-performance liquid chromatography (HPLC) (Beckman, Fullerton, CA, USA) and were not purified further if HPLC showed that the purity of the polymer was 95% or greater. Further analyses of the peptides were performed by matrixassisted laser desorption/ionization-time of flight mass spectroscopy on a Voyager system (Applied Biosystems, Foster City, CA, USA) and, in selected cases, by amino acid analysis (AAA Laboratory Service, Boring, OR, USA).
In vitro transfection and luciferase reporter assay Initially, 1.5 × 10 5 cells were plated in 24-well plates in the presence of 500 μl of DMEM with 10% serum; after 24 h, the cells reached 70% confluency. Unless otherwise indicated, increasing amounts of the peptide (0.125, 0.25, 0.5, 1.0, 2.0 and 4.0 μg) in 50 μl were mixed with 1.0 μg of the plasmid [CPG-Luciferase (Luc) or CPG-tdTomato in 42 μl of Opti-MEM or water] and the mixture was allowed to stand for 30 min (1/1, w/w ratio for HK/DNA is approximately equal to 1.3/1, N/P ratio). The transfection protocol was performed as described previously with few modifications [13] . In brief, 50 μl of the transfection complex were added to cells for 24 h. The cells were then lysed with 100 μl of 1 × passive lysis buffer (Promega Corp., Madison, WI, USA). The protein concentration was measured by using the BCA protein assay kit (Pierce, Rockford, IL, USA). Luciferase activity was measured and expressed as relative light units by the direct current Turner 20/20 luminometer (Turner Design, Sunnyvale, CA, USA) as described previously [13] with four measurements performed for each concentration.
Similarly, transfections with H2K4b and H2K were carried out with two different three-dimensional (3-D) cell cultures (3D InsertTM-PS Scaffolds; Celltreat Scientific, Shirley, MA, USA, or Lipidure-Coat, NOP Corporation, Tokyo Japan). The MDA-MB-435 cells (1.5 × 10 5 cells) were added to each well containing 0.5 ml of DMEM with 10% FCS. Twenty-four hours later, after spheroids had developed, different ratios (1/8 to 8/1) of H2K or H2K4b to pCpGluc plasmids were added to the wells containing the cells. After an additional 24 h, the luciferase activity was measured.
In vitro uptake of HK polyplex
After the DNA was labeled with Sytox-orange, HK plasmid polyplexes at various ratios were prepared as described in the in vitro transfection section above. The labeled polyplexes were incubated with MDA-MB-435 cells for 4 h, the cells were then fixed with 4% formalin, and the nuclei stained with chromatin dye Hoechst 33342 (Invitrogen, Carlsbad, CA, USA) in phosphate-buffered saline for 5 min. Images were obtained with Nikon TE2000-S (Nikon, Tokyo, Japan).
Particle size and zeta potential
For each preparation of plasmid polyplexes, the size and zeta potential were determined with the Zetasizer (Malvern, Westborough, MA, USA) prior to their injection. The size was reported as the average size obtained from unimodal analysis of dynamic light scattering of the particles at a 90°a ngle with use of software provided by the manufacturer of the instrument. Each particle size and zeta potential data point represents the mean ± SD of three measurements.
Gel retardation assay
Various amounts of HK peptides were mixed with 1 μg of plasmid and incubated for 30 min at room temperature. Specifically, the following HK/plasmid ratios (w/w) were prepared in water or in 50 mM NaCl: 1/8, 1/4, 1/2, 1/1, 2/1 and 4/1. After 30 min, the HK polyplex was loaded onto the gel (1% agarose containing ethidium bromide) and electrophoresis was carried out at a constant voltage of 75 V for 45 min in TAE buffer. With certain specified ratios, the formed HK polyplex was incubated for an additional 15 min in 2.5 M NaCl. Similarly, the effect of serum (10% FCS or mouse serum) on the stability of H2K and H2K4b polyplexes was evaluated by gel electrophoresis.
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After the HK plasmids (ratios ½ and 4/1) were prepared in OptiMEM and FCS was added (final 10% FCS) for up to 2 h, the polyplexes were analyzed by gel electrophoresis. A gel retardation assay was also performed on each in vivo HK polyplex preparation before injection into the mice. Gel retardation assays similar to those described above were also carried out with HK polyplexes after exposing them to increasing concentrations of serum to assess their stability.
Isothermal titration calorimetry
Peptides (25 μM, 5 μl per injection) and DNA (3.75 nM, 1.45 ml) were dissolved in phosphate buffer (10 mM, pH 7.3). The thermodynamic profile of HK peptides binding to DNA was obtained with the use of VP-ITC (MicroCal, Inc., Northampton, MA, USA) at 37°C. The sample cell was filled with DNA (1450 μl), and the syringe contained peptide solution (250 μl). Each injection (5 μl; a total of 56 injections) was carried out for 10 s at 360-s intervals. The dilution heat was determined with the titration of peptides into buffer without DNA. Molar enthalpy and final figures were generated using Origin, version 5.0 (http://www.originlab.com). The binding study of each HK polymer was examined in duplicate.
Polyplex formation in vivo
To the plasmid DNA (40.5 μg in 150 μl of water), increasing amounts of HK (5.06, 10.1, 20.2, 40.5, 81 and 162 μg in 100 μl of water) were added quickly and mixed by pipetting. Forty-five minutes after mixing, the polyplex (approximately 200 μl) was administered by intravenous injection. The remainder of the polyplex preparation was analyzed by gel electrophoresis, size and their zeta potential.
In vivo transfection
When tumors in mice were approximately 100 mm 3 in size unless otherwise indicated, the mice were treated by intravenous injection in the tail vein with plasmid polyplexes prepared as described above. After 24 h, the tumor and major organs were homogenized and luciferase activity was measured with a direct current TD 20/20 luminometer (Turner Design).
Immunohistochemical detection of luciferase
Tumors were fixed with Streck Cell Preservative (Streck, Omaha, NE, USA) for 48 h and processed as paraffin-embedded tissue sections. Immunostaining was performed in accordance with the manufacturer's instructions (Vector, Versatile ABC, Burlingame, CA, USA). Briefly, tumor sections were deparaffinized in xylene and rehydrated in graded ethanol. Antigens were retrieved by maintaining tissue in 100 mM citrate buffer (Sigma-Aldrich, St Louis, MO, USA) (pH 6.0) at 95°C for 30 min. Endogenous peroxidase was blocked by 3% H 2 O 2 in 100% methanol for 10 min and nonspecific binding was reduced with 5% rabbit serum for 30 min at room temperature. For detection of luciferase, tumor sections were incubated with rabbit polyclonal antibody (targeting luciferase; dilution 1:500; Abcam, Cambridge, MA, USA) at 4°C overnight. After incubation with a secondary anti-rabbit biotinlabeled antibody for 30 min and then with peroxidaselabeled streptavidin (Vector) for an additional 30 min, chromogen diaminobenzidine was added to tumor sections for 5 min for color development. The tumor sections were then dehydrated and mounted with glass coverslips. Three independent experiments were performed.
Tumor localization and distribution
Fluorescently Sytox-orange-labeled plasmids in complex with HK peptides were used to validate the polyplex delivery to various tissues. After implanted MDA-MB-435 tumor xenografts reached 100 mm 3 , HK peptides in complex with labeled plasmids were administered by intravenous injection and mice were euthanized 4 h later. Frozen sections were prepared from several organs (lungs, liver, kidneys) and tumor xenografts. Images of these tissues were obtained with a TE2000-S microscope. Five independent experiments were performed.
pCpG-tdTomato detection
Twenty-four hours after the HK-pCpG-td (tandem dimer) Tomato polyplexes (w/w, HK/plasmid, 1/2 ratio) were injected intravenously, mice were euthanized and frozen sections of MDA-MB-435 tumor xenografts were prepared. Images of the tumors were obtained with a TE2000-S microscope.
Statistical analysis
All results, reported as the mean ± SEM, represent at least four separate data measurements unless otherwise indicated. Results were analyzed using a t-test with p < 0.05 considered statistically significant. 
Results
Effective transfection with the branched H2K4b peptide in vitro
With the use of a standard transfection assay with 10% FBS, the H2K4b peptide in complex with a plasmid expressing luciferase gave very high transfection, particularly at higher peptide/DNA ratios where the polyplex was positively charged (Figure 2 ). By contrast, cells transfected with the linear H2K polyplex had negligible luciferase expression. Similar transfection trends were observed when HK polyplexes were prepared in either OptiMEM (Figure 2a ) or water (Figure 2b ) (polyplexes were markedly smaller in size, particularly at higher ratios, when prepared in water). Similarly, 3-D or reverse transfection assays with the H2K polyplex showed no luciferase expression (data not shown).
From studies similar to these, we initially concluded that H2K simply did not bind DNA to form polyplexes; consequently, H2K was not tested as an in vivo carrier for many years. Recent work has shown that, although H2K does show decreased DNA binding, it can indeed form polyplexes of various sizes, and thus the poor transfection apparently was not a result of the polyplex size or surface charge (see Supporting information, Table S1 ).
The in vitro transfection results were consistent with the intracellular delivery of Sytox-orange labeled plasmids in complex with HK peptides (see Supporting information, Figure S1 ). At higher ratios for H2K4b plasmid polyplexes, where increased cellular levels of labeled plasmids were observed, increased luciferase levels were also observed. For all ratios of H2K/plasmid, labeled plasmid polyplexes were not seen intracellularly and, not surprisingly, exogenous transfected luciferase levels were either not detected or were extremely low.
Effective delivery of DNA to tumor xenografts with the linear H2K peptide After MDA-MB-435 cells were implanted in athymic mice and tumors had grown in the mid-axillary line to approximately 100 mm 3 in size, various ratios of HK peptides in complex with luciferase-expressing plasmids (peptide/ DNA, w/w, 1/8-4/1; N/P, approximately 1/6-5.2/1) were injected into the tail veins of the mice. By contrast to the results obtained in vitro, the linear H2K treated mice, particularly at low peptide to DNA ratios, had higher luciferase values in tumor xenografts compared to those in the H2K4b group (Figure 3) . Although the expressed luciferase levels were reduced with smaller tumors of 50 mm 3 , the H2K remained significantly more effective as carriers of plasmids compared to H2K4b (data not shown). The zeta potentials at these lower peptide to DNA ratios (w/w, 1/8 to 1/2; N/P, approximately 1/6 to 1/1.54) were negative Enhanced expression with histidine-rich plasmid polyplexes 321 (ranging from -18 to -25 mV). By use of dynamic light scattering, the size differences between H2K and H2K4b polyplexes were not significant except at the 1/1 ratio ( Figure S2 ; see also Supporting information, Table S2 ). These results challenge not only the in vitro results, but also the widespread belief that positively-charged polyplexes will be the most effective in vivo. Similar to MDA-MB-435 xenografts, H2K polyplexes at low peptide to DNA ratios gave high luciferase values in several tumor xenografts (brain, lung, human and mouse breast cancers) (see Supporting information, Figure S3 ).
Greater specificity of the H2K polyplex toward tumor xenografts
In addition to the greater tumor expression from the H2K polyplex, we were also interested in gene expression in other organs. Because the lung is the first vascular organ that the polyplex traverses after intravenous administration, we were particularly interested in comparing gene expression of the polyplexes in the tumor and lungs (Figure 4a ). The tumor to lung was higher at all peptide to DNA ratios with the H2K polyplex group compared to the H2K4b treatment group. Moreover, the gene expression in the tumor for the H2K polyplex was far greater than expression of luciferase in the lungs. By contrast, the lung expression was significantly greater than tumor expression of luciferase with the H2K4b polyplex. This difference in tumor to lung expression was particularly marked at the lower ratios where the HK polyplexes exhibited a negative zeta potential. In addition to the lung, other major organs showed lower expression than the tumor with the H2K polyplex ( Figure 4b ).
Pervasive distribution of H2K polyplexes within tumor matrix
We then investigated whether the increased luciferase expression in the tumor was a result of higher expression within localized areas of the tumor or was more widespread. Immunohistochemical studies of luciferase indicated that H2K plasmid polyplexes were found to be widespread thoughout the tumor xenograft. By contrast, there was significantly less staining for luciferase in the tumor when the H2K4b polyplex was administered to the tumor-bearing mice. Immunohistochemical staining was repeated twice, confirming that luciferase expression was more intense and widespread throughout the tumor in the H2K plasmid polyplex group (Figure 5a ). To confirm this result and to examine whether the most intense luciferase staining was primarily located near the tumor blood vessels, double staining for vessels (CD31) and luciferase was performed ( Figure 5b ). In addition to luciferase staining more intensely with the H2K polyplex group, immunostaining staining for this treatment group appeared to be uniform and, somewhat surprisingly, did not appear more intense around the tumor vessels. Lastly, we confirmed that H2K polyplex gene expression was higher and more widespread than that of the H2K4b polyplex by use of a fluorescent gene product (tdTomato). In place of the luciferase-expressing plasmid, the tdTomato plasmid in complex with H2K carrier similarly showed greater and more widespread gene expression compared to the H2K4b carrier (Figure 5c ).
Enhanced delivery of H2K polyplexes to tumors
To determine whether increased delivery of H2K polyplexes was a result of the higher transfection of tumor xenografts, we fluorescently labeled the plasmids with Sytox orange to determine the amount of different polyplexes within the tumor xenograft. Four hours after the tumor-bearing mice were treated by injection with the HK polyplexes, the mice were euthanized. H2K polyplexes were consistently found at higher levels in the MDA-MB-435 tumor xenografts than were H2K4b polyplexes ( Figure 6 ). Thus, higher transfection of the tumor by the H2K polyplex was the result, at least in part, of increased delivery. Increased background fluorescence in the lungs, liver and kidneys prevented determination of the amount of polyplexes accumulated in these tissues.
Decreased binding of H2K with DNA
Isothermal titration calorimetry (ITC) quantifies differences in binding, so that molecular signature correlates Enhanced expression with histidine-rich plasmid polyplexes 323 of in vivo efficacy may be obtained. At low peptide to DNA ratios, ITC shows a higher negative enthalpy for the H2K4b toward DNA compared to that of H2K ( Figure 7 ). This indicates that H2K4b has a higher affinity for DNA.
Similarly, on a weight by weight basis, H2K4b retards DNA in the absence and presence of serum (10% FBS) more effectively than does H2K (see Supporting information, Figure S4 ), indicating a higher affinity of the four-branched H2K4b for DNA. Further evidence that H2K has a lower affinity for DNA is suggested by the rapid degradation of its polyplexes when exposed to trypsin (data not shown) or supernatant from medium of cells (see Supporting information, Figure S5 ). We also determined whether NaCl could disrupt the formed HK polyplexes and release DNA. After exposure to NaCl (2. 5 M), DNA was completely released from H2K polyplexes, whereas most of the DNA was retained with H2K4b polyplexes (data not shown). When the H2K polyplex ratio (1/2) was incubated with medium exposed to cells for 48 h, the polyplex was degraded within 30 min (see Supporting information, Figure  S5) . Furthermore, the 4/1 ratio showed significant signs of degradation at the 4-h time point. By contrast, both ratios of H2K4b polyplex showed no evidence of degradation at the 30-min time point, and only the 1/2 ratio showed degradation at 4 h. This is consistent with a loosely packed H2K polyplex compared to a more densely pack H2K4b polyplex. Thus, we then centrifuged polyplexes upon cells to decrease the transit time and exposure of the HK polyplexes to the enzymatic degradation of the medium. Centrifugation of H2K polyplexes increased transfection, particularly at higher w/w ratios, although transfection was still quite low (see Supporting information, Figure S6 ).
Discussion
In the present study, we determined that negativelycharged linear H2K polyplexes were far more effective for systemic plasmid delivery to tumor xenografts, despite their lack of activity in vitro. The high gene expression and distribution throughout the tumor from H2K polyplexes represent major advances toward the use of plasmids expressing therapeutic genes or small hairpin RNA in the treatment of cancer. Because linear HK carriers in vivo have sufficient DNA binding for systemic transport of the polyplex to the tumor from an intravenous administration, yet still apparently enable rapid unpacking of the polyplex within the tumor, this encourages future studies aiming to examine a range of linear peptide structures that vary in length and sequence patterns. Because lysines and histidines interact with nucleic acids through ionic and non-ionic interactions, respectively, [3] , different patterns within the peptide are expected to affect binding affinity of peptide with the DNA, stability of the polyplex, and transfection in vivo.
Although the most important result is this discovery of an effective plasmid delivery system for tumors in vivo, the marked discrepancy between in vitro and in vivo studies with the two peptide carriers, indicates that new in vitro assays are required so as not to miss effective carriers. With H2K polyplexes, several in vitro transfection assays (e.g. reverse transfection assays, standard transfections with and without serum, and transfection of 3-D spheroids culture) were tested but they all failed, demonstrating only negligible to minimal increases in luciferase activity. Plasmid polyplexes of various sizes were also formed with H2K by varying the w/w ratio but, again, transfection results with small and large polyplexes were still quite poor. Centrifugation of H2K polyplexes, particularly larger ones, did increase transfection but only minimally, indicating that the relatively long transit time was not a significant factor bringing about differences between the polyplexes in vitro. Although enzymatic degradation probably does not play a major role in reduced transfection in vitro, the sensitivity of H2K polyplexes to enzymatic degradation does indicate the presence of loosely packed polyplexes, consistent with rapid unpacking of H2K polyplexes within the tumor matrix.
We are unaware of studies in which systemically delivered polyplexes with a reduced N/P ratio (<1) giving a negative surface charge result in efficient transfection of tumor xenografts [8, [14] [15] [16] [17] [18] . The rationale for using polyplexes with a high N/P ratio has been based on charge neutralization, condensation and stabilization of the polyplexes, as well as the finding that higher ratios usually translate into higher gene expression and transfection efficiency in vitro [15, 16, [19] [20] [21] [22] . Moreover, interaction of positively-charged polyplexes with the negatively-charged membranes of tumor cells (e.g. increase content of glycosaminoglycans) is considered to be important for their uptake and endocytosis in vitro and in vivo [23] . With the addition of a surface steric layer (e.g. polyethylene glycol, alginate) and/or a tissue-targeting ligand, interaction of positively-charged polyplexes with the membranes may be less important, although it is still likely to have an auxiliary role in uptake in vitro and in vivo [8, [24] [25] [26] . Although negatively-charged polyplexes with reduced ratios or with negatively-charged coatings [8, 27] have rarely been tested in vivo and have not been previously administered systemically, other nanoparticles with a negative surface charge [23, [28] [29] [30] [31] [32] , including gold particles coated with siRNA, neutral or cationic liposomes coated with hyaluronic acid [33, 34] , and/or anionic liposomes, have demonstrated efficacy in vitro and/or in vivo, some of which have a prolonged biological half life [35] . Alternatively, negatively-charged nanoparticles in the presence of serum may have enhanced uptake because of the corona of serum proteins absorbed to the negatively-charged particles [36] . Not surprisingly, proteins absorbed to the negatively-charged gold particles were cationic, reducing the negative charge on the particle [36] . Compared to negatively-charged polyplexes, cationic polyplexes may be more susceptible to degradation in vivo by ionic competition from proteins of the serum or from basement Enhanced expression with histidine-rich plasmid polyplexes 325 membranes [37, 38] . A recent study indicated that cationic polyplexes, particularly those less than 100 nm in size, accumulated within the negatively-charged mesangium of the kidneys with subsequent degradation of the polyplex [39] . Whether biologically charged proteins disrupt H2K or H2K4b polyplexes with varied N/P ratios and modify their half-life is unknown, although pharmacokinetic and biodistribution studies will help resolve some of these questions.
It is not clear why the mechanisms differed between linear H2K and branched H2K4b polyplexes in their accumulation and transfection of tumor xenografts. Although enhanced permeation and retention is a primary mechanism for the accumulation of polyplexes within tumors [40] , this mechanism cannot readily explain the differences between the H2K and H2K4b polyplexes. Gene expression with H2K polyplexes in tumor xenografts was approximately ten-fold greater than H2K4b, whereas gene expression with H2K polyplexes in the lungs was two-fold lower. H2K polyplexes expressed luciferase in the tumor to a greater degree partly as a result of their increased delivery and pervasive distribution within tumor tissues. Although delivery differences between the polyplexes to the tumor were particularly relevant, the penetration and transfection efficiency of H2K polyplexes were still surprising in the tumor xenografts. The preinjection size of the two polyplexes also cannot readily explain their differences in transfection of the tumor in that the H2K4b polyplexes were slightly smaller in size. Similarly, the surface charges of the two polyplexes were equally negative and thus cannot explain their distribution differences within the tumor. Although there is no direct evidence, we consider that greater penetration of H2K polyplexes within the tumor may be based on reduced binding of H2K with DNA. Reduced binding may augment greater penetration of the polyplex through its break-up into smaller components upon reaching the acidic tumor environment. Interestingly, a linear alaninelysine peptide (A2K), which has reduced binding to DNA compared to the H2K carrier, is predominantly delivered with its DNA cargo to the lung, rather than the tumor tissue (tumor/lung approximately 1/14). The intermediate binding of H2K with DNA may explain why the H2K polyplex maintains stability within the bloodstream but releases DNA within the target organ.
There have been few studies to date that examined properties of nonviral polyplexes and correlations between their in vitro and in vivo transfection efficiencies. One investigation studied a large data set of lipidoids that varied in size, zeta potential, percentage encapsulation of siRNA, and specific cells transfected [10] . Although most properties were not predictive of an in vitro and in vivo correlation, the particular cell and percentage encapsulation did have predictive value. Moreover, the ability of in vitro transfection results to predict in vivo results increased markedly with pegylated forms of lipidoids. When pegylation (with or without ligand) of the nanoparticle leads to reduce transfection or silencing in vitro (as with HK peptides) [41] , alternative assays such as molecular characterization assays that may be more predictive of effective carriers in vivo must be considered.
Although the substantial increase in transfection of tumor xenografts in a murine model with H2K polyplexes is likely to be multifactorial, we suspect that binding of H2K with DNA has a central role. Based on the reduced binding and disruption of H2K polyplexes into smaller polyplexes within the acidic tumor matrix (Figure 8 ), the schematic shows one possible mechanism for the increased transfection of tumor xenografts by H2K polyplexes. Assays such as fluorescence resonance energy transfer have been developed to localize unpacking of polyplex in vitro [42] and their application to the in vivo setting may aid in the development of more effective carriers. Moreover, the use of microfluidics alone with various blood components to mimic the shear forces of the vasculature [43] or in combination with other assays (binding measurement with ITC and endosomal lysis assays) has promise to identify effective in vivo carriers. The development of these assays may transform the initial evaluation of nonviral carriers of nucleic acids for systemic delivery that is independent of reporter-gene expression in vitro and facilitate development of nonviral carriers for the clinic.
